Summary: Evaluation of ischemic brain injury in exper imental cerebral infarction in gerbils and rats was per fo rmed by means of both proton nuclear magnetic reso nance imaging ([' HJNMR-CT) and various histochemical analyses. In vivo nuclear magnetic resonance (N MR) im aging was carried out employing saturation recovery, in version recovery, and spin echo pulse sequences. Spatial resolution of the images was excellent. The ischemic le sions were detected with a remarkable contrast in inver sion recovery and spin echo images within a few hours after insult. Those changes in NMR images consistently corresponded with the various retrospective histochemRecent studies on proton nuclear magnetic reso nance imaging ([I HJNMR-CT) have revealed its re markable sensitivity for detecting ischemic brain in jury Spetzler et al., 1983) . Since [I HJNMR-CT reflects the distribution (con centration) and state of water in the brain ), a nuclear magnetic resonance (NMR) imager becomes a sensitive detector of brain edema developing soon after the energy state of the brain cells is compromised by ischemia (Ko gure et al., 1981). It has been shown that T1 (spin lattice) and T2 (spin-spin) relaxation times are pro longed in brain edema induced by cold injury, tri ethyl tin intoxication (Go and Edzes, 1975; Naruse et al., 1982) , and cerebral ischemia . The values of the relaxation times vary 
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dependently on the water content of the tissue (Go and Edzes, 1975; Naruse et al., 1982) .
However, little is known about the detailed cor relations between NMR images and the actual size and characteristics of a lesion as indicated by var ious other morphological and histochemical tech niques. The present study was performed to clarify these relationships, utilizing several different types of histochemical procedures on the same brain sec tion after obtaining in vivo [IHJNMR-CT pictures. As the results indicate, excellent correlations per taining to the size of the lesion and the magnitude of the damage were obtained.
MATERIALS AND METHODS
Two different types of experimental cerebral infarction were induced using gerbils and rats. Mongolian gerbils of both sexes weighing 60-80 g were anesthetized by ether, and the right common carotid artery was occluded. Those exhibiting typical neurological deficits were subjected to further experiments. The carotid flow was restored after 60 min of obstruction. Male Wistar rats weighing 250-300 g were anesthetized by pentobarbital, and the right internal carotid artery was cannulated with a PE-50 poly ethylene tube. Embolic stroke was induced by injection of microspheres (Kogure et aI., 1974) . Serial NMR scan ning was performed under pentobarbital anesthesia.
The [IHJNMR miniimager was developed by the Cen tral Research Laboratory of Hitachi Ltd. Details of the imaging method will be described elsewhere (S. Matsui et aI., in preparation). In short, the NMR imager con sisted of a superconducting magnet operating at a field strength of 0.5 tesla, which corresponded to a proton res onance frequency of 21.3 MHz. A coronal scan at the midpoint of the external auditory canal and the lateral orbital margin produced an image of a 5-mm-thick section at the level of thalamus. The following three modes of imaging were applied: (a) proton density (PD)-weighted images by the saturation recovery method; (b) T 1-weighted images by the inversion recovery method, in which Tl-weighting time or the time of inversion (TI) was 300 ms; (c) T2-weighted images by the spin echo method, in which T2-weighting time or the time to echo (TE) was 106 ms. In each mode, the time of repetition (TR) was 1.6 s, and in modes 1 and 2 signals were collected as spin echoes (TE' = 14 ms). Each scanning was completed in 15 min. Increased intensity (brightness) of the image cor responded to increased PD or prolonged Tl and T2 re laxation times. T1 and T2 values in the regions of interest were calculated by pixel-to-pixel computation applying the following equations:
in which I(SR), I(lR), and leSE) denote the signal intens ities in saturation recovery, inversion recovery, and spin echo images, respectively.
After completion of the serial scanning, the head of the animal was frozen in situ with liquid nitrogen. From a coronal plane corresponding to the imaged level, NADH fluorescence was recorded (Welsh and Rieder, 1978) and 16-J-Lm sections were cut out for histochemical studies, i.e., ATP bioluminescence (Kogure et aI., 1980) , tissue potassium staining (Mies et aI., 1984) , ATPase staining (Mrsulja and Mrsulja, 1980) , cytochrome oxidase staining (Wong-Riley, 1979) , and hematoxylin-eosin (H-E) staining. The rest of the block was divided into portions and submitted to water content measurement by the wet dry method <'nd to sodium and potassium content mea surement by the atomic absorption method. In the ex perimental series on rats, only histochemical observa tions (tissue K +, ATPase, and H-E stainings) were per formed.
RESULTS
An example of the sequential changes in the NMR images obtained from a gerbil brain that had received a transient 60 min of ischemia is illustrated in Fig Note the remarkable prolongation of TI and T2 in the right thalamus. Those for the intact gerbil brain are also tabulated (n = 6).
)bvious evolving lesion was recognized in the thal lmus, but cortical tissue was relatively unchanged Jr recovering. These details were hardly recogniz lble in the saturation recovery images. Actually, the �alculated Tl and T2 values were markedly pro longed in the thalamus (134 and 155% of control values for Tl and T2, respectively, at 19 h after recirculation) as listed in Ta ble 1. Retrospective his tochemical images of the animal revealed injury in the thalamus and a part of the hippocampus (Fig.  2) . The injury was depicted as a depletion of ATP and tissue K + and a decrease in ATPase and cyto chrome oxidase activities and NADH fluorescence (Fig. 2) . The water content and Na + -K + ratio were NADH ATP markedly increased in the thalamus (Fig. 3) . Fur thermore, the K + image depicted a slight K + de pletion in the affected cortex, though a considerable amount of ATP was preserved (Fig. 2 ). This was confirmed by a mild disturbance of the water con tent and Na + -K + ratio in the cortex (Fig. 3 ). Cal culated T 1 and T2 values of this case immediate ly before sacrifice were linearly proportional to the retrospective water content measurement (r = 0.987 and 0.967 for T1 and T2, respectively) (Fig. 4) . Another example is the sequential NMR images of a rat brain insulted by embolic stroke. Images at 5 h and 1 and 2 days after embolization are shown
Various retrospective histochemical pictures of the animal shown in Fig. 1 . Note the severe damage in the thalamus and a part of the hippocampus. The lesion is depicted as a decrease in NADH fluorescence and depletion of ATP, tissue K +, ATPase, and cytochrome oxidase activities. Hematoxylin-eosin staining is also shown. The damage in the histochemical images corresponded to that in the nuclear magnetic resonance images.
FIG. 3.
Water content (%) and sodium-to-potassium ratio (in parentheses) of the animal shown in Fig. 1 . Note the severe damage in the thalamus and the mild damage in the cortex.
in Fig. 5 . Inversion recovery and spin echo images clearly depicted two abnormal foci on the lateral side of the cortex and in the hippocampus. Abnor malities were also observed to a less significant de gree in the area surrounding the foci. Obvious mid line shift could be recognized in the day 2 images. Again, saturation recovery images could not depict these obvious changes. The two foci were con- firmed by the retrospective histochemical images which exhibited a severe depletion of tissue K + anI a decrease in ATPase activity in the foci (Fig. 6 ) The K + picture showed extended K + depletiOl around the foci as well as severe depletion withil the foci, but the ATPase and H-E pictures exhibite( two infarcted foci only, although widening of thl white matter was recognized. Tl and T2 value were markedly prolonged in the two ischemic foci and a delayed prolongation of them was recognizee in the regions of interest in the area around the foc ( Table 2 ). Prolongation of T2 was greater again thaI that of Tl .
DISCUSSION
The [IH]NMR imager is remarkably sensitive fa in vivo detection of brain edema induced by cere bral ischemia or other mechanisms. Its sensitivit offers early detection of lesions (B uonanno et al 1983; Spetzler et ai. , 1983 ) through production of remarkable contrast between normal and abnorm, tissue (Asato et aI. , 1983) . No diagnostic tool t date has ever been able to observe in vivo the earl 
Saturation recovery (SR). inversion recovery (IR)
. and spin echo (SE) images at 5 h and 1 and 2 days after insult are shown. Note the two abnormal foci evolving and the surrounding abnormality to a lesser degree in the affected hemisphere (left sides of pictures). Obvious midline shift is recognized in the day 2 images. IR image at 5 h contains a slight motion artifact.
changes associated with ischemia. On the other hand, ischemia-induced brain edema develops soon after energy failure in the presence of residual tissue perfusion that supplies edema fluid to the ischemic tissue (Kogure et a!., 1974 (Kogure et a!., , 1981 . Thus far in re search, considerable activities have been shared for the study of brain edema and the prolongation of relaxation times. T1 and T2 relaxation times alter early after development of brain edema induced by cold injury, triethyl tin intoxication (Bakay et a!., 1975; Go and Edzes, 1975; Naruse et a!., 1982) , and cerebral ischemia . Tl and T2 change parallel to water content (N aruse et al., 1982) . TI is directly proportional to the water con tent of the tissue, and T2 may depict the constitu tional change of the edematous tissue (Go and Edzes, 1975; Naruse et a!., 1982 Regions of interest are at the two ischemic foci (the cortex and hippocampus) and the surrounding area (the cortex and thalamus). Note the marked prolongation ::>f Tl and T2 in the ischemic foci and their delayed prolongation in the surrounding area.
niques utilizing a proton chemical shift revealed a considerable contribution by lipid to the signals from skin, bone marrow, and muscle. However, only signals from water were obtained in the intact cat brain . There are no data reported at present for the damaged brain.
The contrast of NMR images is strongly depen dent on the pulse sequence parameters, i.e., TR, Tl, and TE (Crooks et aI., 1982; Wehrli et aI., 1984) . This means a certain selection of parameters may, on the one hand, highlight or, on the other hand, mask abnormalities. Consequently, the calculation of a relaxation time itself is useful for the charac terization of the tissue under study (Davis et al., 1981) . In this study, Tl and T2 values were calcu lated by the pixel-to-pixel computation. Because the signal intensity for the saturation recovery image was fairly consistent (�5% in 1 day), �15 min of time lag between the two images used for the calculation was negligible. Though the compu tation of a relaxation time is commonly employed (Edelstein et aI., 1980; Doyle et aI., 1982; Mills et aI., 1984) , some problems in computation have been reported, and calculation using only two images may have led to some inaccuracy (Redpath, 1982; Pykett et aI., 1983; Rosen et aI., 1984) . Though we employed a relatively long TR of 1.6 s, this may not have been long enough for tissue with a longer T1. However, calculated T 1 and T2 images resembled the corresponding inversion recovery and spin echo images, respectively (figures not shown), which confirmed our selection of parameters as being suit able.
In the cases of both the gerbil and the rat dis cussed in this report, abnormalities could be clearly detected with excellent contrast. Inversion re covery and spin echo images especially could depict abnormalities. On the contrary, saturation recovery images were far less sensitive. Therefore, the de tectability of the lesion was strongly dependent upon the prolongation of the relaxation time, which confirmed that brain edema associated with isch emic injury is readily detected by NMR images. On the other hand, there existed slight changes in the contralateral hemispheres. This phenomenon might be explained as diaschisis. However, one reason for this is that the contrast in NMR images is arbitrarily controlled, and highlighting the pathology influ ences the signal intensity of the normal tissue.
With respect to the case of the gerbil, abnormal ities in the NMR images corresponded to the var ious retrospective histochemical pictures, i.e., se vere damage (infarction) in the thalamus and mild damage (recovery) in the cortex. Water content and the N a + -K + ratio confirmed these two types of in jury in the affected hemisphere. NMR images cor responded best to the K + image (i.e., the depletion of tissue K + inversely corresponded to the prolon gation of relaxation times) rather than to the struc tural or enzymatic images. A decrease in NADH fluorescence in the thalamus may have resulted from chemical destruction of the infarcted area. In this area, damage to the ATPase activity was more severe than that to the cytochrome oxidase activity. This may have resulted from different injuries to the cellular membrane (ATPase) and mitochondria (cy tochrome oxidase). These explanations, though, are only speculative. Furthermore, calculated Tl and T2 relaxation times immediately before sacrifice were linearly proportional to the water content of the tissue (Fig. 4) , and prolongation of T2 was greater than that of TI, which suggests a greater sensitivity of T2 for edema. Correlations between relaxation times and water content will be discussed !sewhere in detail (R. Kato et aI., in preparation). 1 spite of some probable inaccuracy in computed !laxation times, as discussed above, they exhibited ood acccordance with water content, suggesting tility for the in vivo assessment of brain edema.
In the case of the rat, retrospective histochemical ictures confirmed two foci of infarction (with se ere depletion of tissue K + and ATPase activity) orresponding to the NMR images, though NMR ections are not exactly congruent with the his to )gical sections (5 mm vs. 16 fLm). Furthermore, the � + picture showed a decreased K + content in the rea surrounding the foci, where structural integrity etected by ATPase and H-E stainings was pre erved. Delayed prolongation of the relaxation imes in the surrounding area ( Table 2 ) as well as he widening of the white matter in the affected .emisphere suggested the development of sec mdary brain edema around the ischemic focus. 'hus, the NMR-CT imaged the state of water, i.e., Irain edema, but not structural integrity. When the njury was severe, abnormalities in NMR images 'orresponded to the damaged structure. In addi ion, a mild disturbance in water balance without :onsiderably compromised structural integrity :ould also be detected by NMR images. This may :xplain the reason why the NMR-CT often detected nore extended lesions than the x-ray CT (Bryan et ll., 1983; Sipponen et aI., 1983) .
The prolongation of the relaxation time may be iffected by various mechanisms (N aruse et aI., 1 .982; Buonanno et aI., 1983) , but it is generally ac :epted that the water-protein interaction has the najor effect. Our interpretation is that the confor national and structural changes in protein mole :ules by ischemia-induced injury cause them to Nork as osmotic agents and absorb the so-called )ound water, which in consequence attracts its sur 'ounding bulk of free water when some blood flow s provided. This results in the prolongation of the -elaxation time as well as the increase in water con :ent.
In conclusion, [IHJNMR imaging could depict a :iynamic state of water in terms of an early altera :ion of Tl and T2 relaxation times after ischemia. 2alculated TI and T2 values indicated in vivo the �volution of brain edema associated with ischemic :njury. Furthermore, abnormal areas in NMR im ages consistently corresponded with the retrospec tive histochemical observations in the size of lesion md the magnitude of damage with respect to the development of brain edema. Therefore, the use fulness of NMR imaging to characterize the isch emia-induced edema state in the brain was con firmed.
